Supported anodized alumina template films with highly ordered porosity are best suited for fabricating large-area ordered nanostructures with tunable dimensions and aspect ratios. In this paper, we first discuss important issues for the generation of such templates, including required properties of the Al/Ti/Au/Ti thin-film heterostructure on a substrate for high-quality templates. We then show examples of anisotropic nanostructure films consisting of noble metals using these templates, discuss briefly their optical properties and their applications to molecular detection using surface-enhanced Raman spectroscopy. Finally, we briefly address the possibility to make nanocomposite films, exemplary shown on a plasmonic-thermochromic nanocomposite of VO 2 -capped Au-nanorods.
INTRODUCTION
Ordered nanomaterial's thin films may be processed using a variety of methods, among them, electron beam and soft lithography (Xia and Whitesides, 1998; Gates et al., 2005) , self-assembly (Grzelczak et al., 2010) or a combination of both (Yan et al., 2009) , and solid templates, e.g., see review by Jones et al. (2011) . Glancing angle deposition techniques, a modification to physical vapor deposition, were also advantageously used to fabricate ordered nanomaterial's films either on bare or pre-patterned surfaces, although in most of the cases, oblique nanostructures with limited control of periodicity are obtained with this method (e.g., Gish et al., 2006; Liu et al., 2010; Camelio et al., 2014) . While e-beam lithography is a powerful technique for making ordered nanomaterials of almost any shape and gap between nanostructures, the processing cost, including investment and consumables, is high. Self-assembly is a powerful bottom-up technique that has been demonstrated for ordered nanostructures of a variety of materials (Mann, 2009; Grzelczak et al., 2010) , but issues of up-scalability are still to be addressed. Another bottom-up technique that is of particular interest relies on solid templates, especially porous anodized alumina (PAA) templates, for making large-area ordered nanomaterials with different aspect ratios and, to some extent, morphology (Hulteen and Martin, 1997; Jones et al., 2011) . The technique is straightforward because the porous template molds the deposited material into the predefined pore dimension and periodicity. Moreover, it is cost-effective because of low investment and consumable costs. PAA are known since the pioneering work of Masuda and Fukuda (1995) . Using two-step anodization of high purity, well-annealed aluminum sheets, it is possible to process alumina membranes with highly ordered domains. Pore size and periodicity may be tuned via different anodization conditions, including different electrolytes and anodization voltages (e.g., Lee et al., 2006) . These membranes may be chemically detached from the parent metal and used, after some necessary processing steps, for fabricating monolithic and composite nanomaterials. Nanostructure synthesis is achieved by filling the pore channels either by soaking the membrane in appropriate precursor solutions, by self-assembly or by electrodeposition (Hulteen and Martin, 1997; Jones et al., 2011) . The latter is probably best suited for the fabrication of nanowires of various metals (Hulteen and Martin, 1997; Jones et al., 2011) . However, main drawbacks are the difficult handling of the free-standing fragile membranes and the many necessary pre-handling steps such as mechanical stabilizing and electroding. Furthermore, exposure of the nanostructures, e.g., for device fabrication, etc. requires dissolving the membrane, which could result in the collapse of high aspect ratio nanostructures and the sticking together of the nanowires to form large bundles. Often characterization of free-standing nanostructure arrays is laborious because the character of the nanostructure is lost and with it also the suitability for such applications as sensing, e.g., optical and nanobiological.
Recently, a new type of template was proposed that consists of thin anodized aluminum films, a few hundreds of nanometers to a few micrometers thick, supported on solid or flexible substrates (Mallet et al., 2005; Piraux et al., 2007; Wurtz et al., 2007; Foong et al., 2008; Mátéfi-Tempfli and Mátéfi-Tempfli, 2009 ). In general, the aluminum film is deposited on silicon, glass, or indium-thin oxide (ITO) coated glass wafers that have been pre-coated with a thin adhesion layer (a few nanometers) and a gold (a few tens of nanometers) electrode. Anodization, pore opening, and barrierlayer etching are performed in a similar way to bulk aluminum. Supported templates were successfully used in a few reports for the processing of magnetic nano-hetero-structures (Mallet et al., 2005; Piraux et al., 2007; Wurtz et al., 2007) , Au-NRs (Wurtz et al., 2007) , and Ni-NWs (Foong et al., 2008) . In the following, we intend to concentrate on this type of templates because they have promising potential in the processing of large area, wafer size, ordered nanostructure films. We will address the processing strategy and the critical fabrication aspects of PAAF. A few examples of ordered nanostructures that were processed using PAAF as well as their applications are also presented.
CRITICAL STEPS IN THE FABRICATION OF PAAF
PAAF have been used in a few reports for the processing of anisotropic nanostructures, but their processing steps were not discussed in due details. Herein, we address important requirements for thin-film metal heterostructure for successful anodization.
For the fabrication of PAAF, it is first necessary to process a thin-film heterostructure on a substrate consisting of an adhesion layer, an electrode, and the Al-film to be anodized. The adhesion layer is usually an ultra-thin Ti film of few nanometers (2-5 nm) on top of which an Au-film of 5-20 nm is sputtered to serve as electrode. In order to improve adhesion between Au and the subsequently deposited Al-film, it is advised to use the same Ti adhesion layer. The main advantage of Ti lies in its ability to form strong intermetallic bonds with both metals at the interface (see related phase diagrams (Murray, 1983; Kattner et al., 1992) . A PVD system that allows deposition of the thin-film heterostructure without breaking the vacuum (in order to prevent oxidation of the reactive metals) is best suited for high-quality PAAF. However, because the Al-film is subjected to high stresses during anodization, the requirements on the Al-film adhesion are high. Further, the formation of well-ordered pore domains is dependent on film microstructure and roughness. Films free of spikes and highly smooth are best suited. The conditions for obtaining these films must be iterated for the particular substrate and PVD system used. Below we summarize our own experience in growing film heterostructures using either sputtering (RF or DC) or e-beam evaporation of Al.
While sputtering of Ti and Au is in principle easily achieved, provided the substrate is clean and the PVD chamber is free from contaminants, there are some critical issues to be dealt with when depositing the Al-film. Sputtering of Al had in our case invariably led to rough films because the sputtering rate of Al was relatively low at the conditions chosen (below 0.16 nm/s at an argon pressure of 10 −3 mbar and 220 W; these conditions were iteratively found to yield films with best adhesion properties for successful anodization). Under these conditions, the deposition of the desired 500-600 nm thick films took approximately 1 h, which resulted in substrate heating and grain growth. Even when the films were sputtered with extreme precaution to avoid heating, e.g., sequential sputtering with waiting time for the substrate to cool down, the results remained unsatisfactory. An example is shown in Figure 1 .
Anodization of such films leads to poor pore ordering and verticality as exemplary, shown in 
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Smoother and more homogeneous Al-films are obtained at high deposition rates by electron beam evaporation while maintaining substrate temperature low. In this process, an applied magnetic field allows dynamically deflecting the electron beam in x-y directions with a given frequency in order to ensure a homogeneous material evaporation, and the substrate is rotated during deposition to achieve uniform material thickness over the whole surface. A PVD system equipped with a module for e-beam evaporation is, therefore, necessary in order to obtain high-quality Al-films. After the sequential sputtering of Ti and Au, Al is e-beam evaporated without breaking the vacuum. The film microstructure obtained is exemplary shown in Figure 3 , and the resulting anodized film in Figures 4A,B. 
AL-FILM ANODIZATION
Once a well-adherent film heterostructure with a smooth Al-film is obtained, anodization is straightforward, and is in principle similar to that of bulk Al, involving the same electrochemical reactions and mechanisms leading to pore formation (Thompson, 1997; Li et al., 1998) . Usually, anodization is performed in oxalic acid at a constant voltage of 40 V. Either one-step or two-step anodization is possible with better pore ordering for the latter. The kinetics is rather fast with complete anodization of 500 nm-1 µm Al-films being accomplished within few minutes. Barrier-layer etching and pore widening is achieved in a dilute solution of KOH or NaOH. Figure 4 schematically depicts the different processing steps of PAAF and the subsequent processing of ordered nanostructures using electrochemical deposition.
PROCESSING OF ORDERED NANOSTRUCTURE FILMS
Noble metal nanorods (NR) as well as NR of magnetic alloys were processed using PAAF on various substrates, including Si (Mallet et al., 2005; Piraux et al., 2007; Habouti et al., 2011a,b) , glass/ITO (Wurtz et al., 2007; Foong et al., 2008) , PDMS (Mátéfi-Tempfli and Mátéfi-Tempfli, 2009), and quartz glass (Habouti and EsSouni, 2014) . Electrochemical deposition is best suited for this purpose, because it is easy, cost-effective, and allows a good control of the aspect ratio, and morphology of the nanostructures through control of electrolyte composition, deposition current, and time. A few reports on vertical magnetic and magnetoresistive nanostructures for memory and spin-valve devices, respectively, had shown the advantages of the PAAF processing approach in terms of magnetic properties and giant magnetoresistivity (Piraux et al., 2007) . Supported noble metal nanostructures, in particular Au-and Ag-NRs, were more in the focus of research because they show specific optical properties that translate in plasmonic absorption peaks in wave length regions that can be tuned depending on morphology and dimensions of the nanostructures (Wurtz et al., 2007; Habouti et al., 2011a,b) . In the case of Au-NRs, different morphologies have been obtained depending on deposition conditions. Using an electrolyte based on HAuClO 4 and potentiostatic deposition, a corrugated NR morphology was obtained, while pulsed voltage deposition from a commercial electrolyte rather led to smooth NRs, Figure 5 . The corrugated morphology appeared to be the result of concomitant complex processes consisting of Au-nanotubes (NT) that nucleate and grow on the pore walls at the early stages of electrodeposition, steady-state electrodeposition that results in the thickening of the NT, and eventually assembly of Au-nanoparticles (NP) into the NT. As will be shown below, the morphology dramatically impacts the properties and applications (Habouti et al., 2011a,b) .
Nanostructures of Au and Ag show peculiar absorption properties that translate in extinction maxima, not present in their bulk counterparts, the loci of which are largely dependent on morphology, dimension, and dielectric environment. These extinction maxima arise from the collective oscillation of the conduction electrons with the incident electromagnetic field, and are called localized surface plasmon resonance (LSPR). It is the shift of the LSPR peak in the presence of adsorbed (macro)molecules that is exploited in biosensing, e.g., see the review by Mayer and Hafner (2011) . Further, the coupling of the LSPRs of adjacent NP, separated by small gaps of some tens of nanometers, leads to gap plasmons that can concentrate the electromagnetic field in the gap between the particles. In these so-called "hot spots," huge field enhancements may be obtained that can be exploited in surface-enhanced resonant spectroscopies, particularly surfaceenhanced Raman spectroscopy (SERS). In this context, various strategies have been implemented to fabricate SERS substrates with nanostructures of controllable and reproducible gaps, and desirable huge enhancement factors. Among the fabrication routes are bottom-up techniques that rely on chemical synthesis of NP with simple and complex geometries and their self-assembly on a substrate, e.g., using chemical lithography, and top-down techniques such as e-beam lithography, etc. [see the review article by Halas et al. (2011) and references therein; Grzelczak et al. (2010) and Yan et al. (2009)] . We think that PAAF affords a propitious route to control the dimensions, gap, and morphology of noble metal nanostructures and consequently their optical properties and SERS enhancement factors. Periodic nanostructures with individual elements showing fork-like geometries may be obtained, as shown in Figure 5 above. These structures are particularly interesting for molecular detection because they present a high density of hot spots.
The optical properties of noble metal nanostructures grown in PAAF may be tailored via control of the pore size length and periodicity. In the following example, we show how the reflectance and absorption properties of Au-NRs depend on their length and dielectric medium. With respect to periodicity effects, we have not yet succeeded in making PAAF with different interpore gaps and no related data could be found in the published literature. However, investigations on e-beam lithography processed Au-structures with varying gaps had shown that decreasing the gap between the nanostructures resulted in a redshift of the LPRs. These results were validated using finite-difference time-domain simulation (Duan et al., 2011) , and should also be valid for anisotropic FIGURE 7 | Absorption spectra of exposed Au-NRs of different length on a glass substrate terminated with a 5 nm Au-film. Incidence of non-polarized light is normal to the plane of the NR array. The mode at approximately 520 nm is the LSPR transverse mode. For the 360 nm long NRs, the longitudinal mode at approximately 1020 nm is distinctly observed, whereas only a shoulder at approximately 700 nm is observed for the short NRs.
plasmonic nanostructures processed using PAAF. Ongoing work will bring further details on this topic.
The anisotropy of the Au-NRs leads to the splitting of their LSPR into a transverse and longitudinal mode (Wurtz et al., 2007; Mayer and Hafner, 2011) . But the optical properties of whole system, i.e., PAAF on a substrate, embedded and exposed nanostructures, present far more rich features that are still to be investigated in more details, and may be exploited in photonics and sensing (Hotta et al., 2012) . The diffuse reflectance spectra of a PAAF on silicon and embedded Au-NRs are displayed in Figure 6 . In comparison to the spectrum of a 30 nm Au-film on the same substrate, PAAF presents interference patterns that extend well in the IR region, and represent Fabry-Perot interferences at the different interfaces involved. Deposition of Au-NRs in the pores results, as expected, in a completely different spectrum with the substantial attenuation of some interferences and www.frontiersin.org the appearance of new minima. These results are similar to those obtained by Lyvers et al. (2008) , and denote LSPR modes that are confined between adjacent Au-NRs embedded in the dielectric matrix, as validated by their FEM simulations. It is, however, noteworthy that the weak minimum at approximately 520 nm corresponds to the transverse plasmon mode observed for Au-NRs, while the strong minimum at approximately 900 nm is generally attributed to the longitudinal LSPR mode (that depend on the Au-NR length), although, as pointed out by Lyvers et al., the modes observed here may differ from those observed on colloidal NRs. Nevertheless, both modes were also obtained for exposed Au-NRs on a glass/5 nm Au-film substrate, Figure 7 . Under the condition of normal incidence of non-polarized light, both 100 and 360 nm long Au-NRs give rise to a maximum at approximately 520 nm, whereas the second mode is distinctly observed only for the longer NRs (for the 100 nm NRs, a shoulder can be observed at about 700 nm).
Increasing the length of the Au-NR results in a large redshift in the order of 200 nm of the longitudinal LSPR toward a wave length well in the NIR region, Figure 8 .
For certain applications, robust nanostructures, both mechanically and thermally, are needed. PAAF is very well suited for this purpose, and can be advantageously used for embedding the nanostructures, providing at the same time a rear contact through the Au-film. In terms of noble metal nanostructures, the presence of aluminum oxide does not all too much affect the optical properties. This is well illustrated in Figure 9 , which shows the very close similarity between the diffuse reflectance of embedded and exposed Au-NR film of the same length, with the exception of a small blue shift of the mode at around 700 nm. The locus of the longitudinal mode is not affected but the intensity and sharpness of the minimum is increased over the exposed Au-NRs, because of the confinement of the NRs into the nanoporous templates, thus preserving their verticality and order. These results stand somewhat in contrast to those of Lyvers et al. (2008) , where a large difference in the reflectance of embedded and exposed Au-NRs is reported. This discrepancy may be amenable to the different layer thicknesses involved and the substantial thickness of the Al-oxide template still present in their embedded structures, in contrast to ours, which fill the whole PAAF thickness. FIGURE 9 | Diffuse reflectance spectra of embedded and exposed Au-NRs of the same length (SEM micrographs are shown on the right-hand side). "Exposed" means that the Al-oxide template has been dissolved.
SOME APPLICATIONS OF ORDERED NANOSTRUCTURE FILMS
Some of the applications of ordered nanostructure films have been mentioned above. Substrates for molecular detection via resonant spectroscopy techniques are among the most promising applications of ordered noble metal nanostructures. Au and Ag-NR films have been used as SERS substrates with huge effective enhancement factors measured over the whole substrate. This demonstrates that PAAF is well suited for the processing of affordable SERS substrates with reproducible SERS enhancement, Figure 10 ( Habouti et al., 2011a) . The effect of Au-NR morphology on signal enhancement is demonstrated in Figure 11 (Habouti et al., 2011b) .
The processing of composite structures consisting of plasmonic nanostructures and other functional materials, e.g., semiconducting oxides, may result in new and efficient nanostructures for light harvesting as has been demonstrated by Mubeen et al. (2013) for supported Au-NRs/TiO2/Pt-NP nanocomposites for water splitting. Plasmonic-thermochromic nanocomposites have been reported using supported, VO 2 -capped Au-NRs, Figure 12 . First Au-NRs were deposited on glass substrates using PAAF and, after dissolving PAAF, sputter-coated with an ultra-thin vanadium layer of 5 and 10 nm. Annealing at 450°C under nitrogen atmosphere resulted in the formation of caps of the monoclinic VO 2 phase on top of the Au-NRs. This phase undergoes a reversible insulator-metal transition (monoclinic to rutile type transition) at 68-70°C in bulk form. Using the structure shown in Figure 12C , the insulator-metal-transition temperature could be decreased to values down to 45°C via a Mott-Hubbard transition mechanism involving electron injection into the conduction band of the semiconducting phase (Habouti and Es-Souni, 2014 ). More promising applications may be in electrocatalysis and hydrogen gas sensing using Pt and Pd-NRs and NT (Dar et al., 2012) , in electrochemical FIGURE 11 | Morphology effects of supported Au-NR on the SERS signal of R6G. The SERS signal on P1 (corrugated morphology) is reproducible over the whole substrate while that of P2 (smooth morphology) is obtained only on isolated areas (Habouti et al., 2011b) . The SEM micrographs of both morphologies are shown on the right-hand side.
www.frontiersin.org energy storage using NiO pseudocapacitor nanostructures (Dar et al., 2013) , and many more.
SUMMARY AND PERSPECTIVES
Supported anodized aluminum oxide films can be advantageously used for the processing of ordered nanostructure films with a wide range of functionalities and applications. The main advantages of the so-processed nanostructures lie in their low cost together with robustness and easy handling. The latter may even be increased by leaving the nanostructures partially embedded in the template, which will not affect functionality for certain applications. We have shown that large-area metallic nanostructures with various morphologies and aspect ratios can easily be processed using electrochemical deposition. The process can be also up-scaled to wafer size as demonstrated in Figure 13 . More ordered nanomaterials, monolithic, and composites films can be generated from self-assembly in pores and electrophoretic deposition using functionalized colloidal NP. The generated nanostructures afford high surface areas together with specific functionalities, with promising potential applications in sensing, photonics, light harvesting, and energy storing.
In this paper, emphasis was placed on PAAF because in our opinion only limited attention has been devoted to these templates in comparison to the well-known AAO membranes. By addressing the critical issues related to the processing of PAAF while underlying their potential for generating supported, ordered FIGURE 13 | Au-NR film that was processed in large area, double anodized PAAF on a glass wafer. The Au-NR film is still embedded in the PAAF. The non-anodized Al-film is still seen at the edges of the wafer.
nanostructures, we hope that more interest will be devoted to them in the future. We are, however, aware that other methods such as self-assembly, eventually combined with lithographic methods, are also suitable for making sophisticated nanostructure films.
